Background-Although
G lobal left ventricular (LV) systolic function, most commonly assessed by echocardiographic ejection fraction (EF), is an important predictor of outcome 1 and determines eligibility for interventions such as device implantation 2 and valvular surgery. 3 However, the measurement of EF presents a number of challenges related to image quality, assumptions of LV geometry, and expertise. Two-dimensional strain (2DS) is an automated and quantitative technique for the measurement of global long-axis function from gray-scale images. Longitudinal tissue deformation is evaluated by frame-by-frame tracking of individual speckles throughout the cardiac cycle, and global longitudinal speckle strain (GLS) is calculated from the mean of 18 cardiac segments. Previous work has shown that EF can be derived from GLS using the regression EFϭϪ4.35*(GLSϩ3.9). 4 2DS is more robust than tissue Doppler-derived strain, does not have angle dependency, and is easier to calculate.
Clinical Perspective on p 364
Although 2DS has been used in a growing number of situations, its prognostic utility has not yet been evaluated. We aimed to study this in a consecutive sample of patients with known or suspected LV impairment and to compare this against other common measures of ventricular function such as EF and wall motion score index (WMSI). We also wished to examine the use of GLS in a number of clinically important subgroups.
Methods

Patient Characteristics
We retrospectively studied 546 unselected, consecutive individuals undergoing clinically indicated echocardiography to investigate known or suspected LV impairment. The clinical characteristics of these patients are outlined in Table 1 .
Two-Dimensional Echocardiography
Cine loops from 3 standard apical views (4-chamber, 2-chamber, and apical long-axis) were recorded using gray-scale harmonic imaging and saved in raw data format (Vivid 7, General Electric Medical Systems, Horten, Norway). Images were obtained at a frame rate of 50 to 70 per second, and digital loops were saved onto optical disc for off-line analysis (EchoPac 8.0, General Electric Medical Systems). End-diastolic and end-systolic volumes were used to calculate EF by Simpson biplane method from the apical 4-and 2-chamber views. 5 Wall motion scores were measured by 2 experienced observers blinded to clinical and outcome data, using a 16-segment model as described by the American Society of Echocardiography. Segments were scored as normal (scoreϭ1), hypokinetic (scoreϭ2), severely hypokinetic (scoreϭ2.5), akinetic (scoreϭ3), or dyskinetic (scoreϭ4). WMSI was derived as the average of the 16 segments. 5
Two-Dimensional Strain
The endocardial borders were traced in the end-systolic frame of the 2D images from the 3 apical views. Speckles were tracked frameby-frame throughout the LV wall during the cardiac cycle and basal, mid, and apical regions of interest were created. Segments that failed to track were manually adjusted by the operator. Any segments that subsequently failed to track were excluded. Any view in which 2 or more segments could not be tracked was not included in the analysis, and the remaining apical views were averaged to calculate GLS; otherwise, GLS was calculated as the mean strain of all 18 segments. Three patients had 1 view from which 2DS was unable to be reliably measured, and GLS was therefore calculated as the average of the 2DS measures from the 2 remaining apical views. All measurements were made blinded to other results and clinical details. Examples of the technique are shown in Figure 1 .
Outcomes
All-cause mortality was the primary end point. Follow-up was obtained after a mean of 5.2Ϯ1.5 years by review of the patient's hospital or family practice chart or telephone interview with the patient or relative.
Statistical Analysis
Analysis was carried out using a standard statistical software program (SPSS version 16, SPSS Inc, Chicago, Ill). Student t test was used to compare differences between 2 groups for continuous variables, and the 2 test was used to determine significant differences between 2 groups of categorical variables.
Univariate analysis was performed to establish the relationship between baseline clinical features, measures of LV function, and all-cause mortality. Survival was expressed using Kaplan-Meier Examples of global longitudinal strain measures from 3 standard apical views. Quad screen views from 4-chamber (top), 2-chamber (middle), and apical long axis (bottom). In each, the upper left quadrant shows tracking and also average peak strain for the segments measured (given as GS). Upper right quadrant shows color-coded segmental strain curves and average strain curve (dashed line). Bottom left quadrant graphically denotes peak strain in each segment. Lower right quadrant depicts anatomic M-mode.
analysis and log-rank tested for significance both overall and between strata. Cox proportional hazards analysis was used to determine significant predictors of all-cause mortality. Variables with a univariate statistical significance of Ͻ0.10 were selected for inclusion into the model as follows. First, significant baseline demographic variables (nϭ3) known before echocardiography were entered into the model. A series of nested models with the separate addition of EF, WMSI, and GLS were then undertaken. EF was entered into the model as a negative variable to produce a positive hazard ratio to allow comparison with WMSI and GLS. All continuous variables were assessed per unit standard deviation to enhance the comparison of the measures (per change of Ϯ11.9 years for age, Ϯ12.1% for EF, Ϯ0.41 for WMSI, and Ϯ4.3% for GLS). The independence and incremental value of each measure of LV function over baseline was assessed by comparison of model 2 at each step. Changes in receiver operating characteristic curves between variables for the prediction of death were analyzed using Z scores. Intraobserver and interobserver variations were assessed by intraclass correlation coefficient and compared using Z scores and Bland-Altman plots. Significance was measured as Ͻ0.05.
Results
Relationship of GLS, EF, and WMSI
The mean EF was 58Ϯ12% (range, 16% to 81%), with a mean WMSI of 1.3Ϯ0.4 and mean GLS of Ϫ16.6Ϯ4.3%. GLS, EF, and WMSI were highly significantly correlated in the population overall and in each subgroup analyzed with the exception of EF and WMSI in those with EF Յ35% (Table  2 ). GLS and EF were consistently the most strongly correlated and had the strongest correlation in those with wall motion abnormalities. Table 3 ). Three separate models were then used to evaluate the additional prognostic information obtained from adding imaging with EF, WMS, or GLS as the second step to the baseline model. Diabetes was the strongest predictor, and hypertension was nonsignificant in each of the 3 models. EF, WMS, and GLS were significant predictors in each of the models constructed, and each produced a significant increase in model 2 over baseline. GLS imparted the greatest increase in model 2 (34.9, PϽ0.001), followed by WMS (28.6, PϽ0.01) and then EF (25.3, Pϭ0.04) ( Table 4 and Figure 2 ). The area under the receiver operating characteristic curve for GLS (0.63, PϽ0.01) exceeded that for WMA (0.57, Pϭ0.04) and EF (0.45, Pϭ0.10). Comparison of the areas under the receiver operating characteristic curves for prediction of death showed no significant difference between GLS and EF (Pϭ0.07), but GLS and WMSI (PϽ0.0001) were significantly different. 
Survival in the Total Population
Moderate LV Dysfunction
An EF Յ35% was identified in 29 individuals (5.3%). For those with EF Ͼ35%, age was a significant predictor (HR, 1.44; 95% CI, 1.13 to 1.83; PϽ0.01) at baseline. WMSI was not a significant independent predictor in this group. GLS was a significant predictor (HR, 1.42; 95% CI, 1.12 to 1.8) with age (HR, 1.46; 95% CI, 1.14 to 1.85), and the addition of GLS to the model caused a significant increase in model power ( Figure 3) . No variables were predictive of mortality in the group with EF Յ35%, most likely due to small sample. Figure 4A ).
Wall Motion Abnormalities
For the 307 patients (56.2%) without wall motion abnormalities, GLS (HR, 1.9; 95% CI, 1.28 to 2.81; PϽ0.01) was a significant predictor of outcome along with diabetes (HR, 2.63; 95% CI, 1.42 to 4.86; PϽ0.01). The addition of GLS to baseline variables increased model power from 13.2 to 22.1 (PϽ0.01). The substitution of EF for GLS showed that EF was not a significant predictor and did not increase model power similarly (13.2 to 13.2, PϭNS). Both GLS (HR, 1.36; 95% CI, 1.02 to 1.82; PϽ0.05) and EF (HR, 1.33; 95% CI, 1.02 to 1.75; PϽ0.05) were significant predictors of death in those with wall motion abnormalities (WMSI Ͼ1) and increased model power similarly (11.8 to 15.0, PϽ0.05).
Use of GLS to Identify Significant LV Dysfunction
An EF Յ35% was present in 29 individuals (5.3%), and 78 (14.3%) had a GLS ՆϪ12%. During follow-up, 10 (34.5%) individuals in the group with EF Յ35% and 25 (32.1%) individuals in the GLS ՆϪ12% group died. Eight (27.6%) individuals in the EF Յ35% group and 16 (20.5%) of the GLS ՆϪ12% were New York Heart Association (NYHA) functional class Ն2. There were no significant differences in demographics between these 2 groups, which differed in relation to WMSI (2.2Ϯ0.5 versus 1.9Ϯ0.6, Pϭ0.01) and GLS (8.3Ϯ2.7 versus 9.2Ϯ2.0, Pϭ0.05). Individuals with EF Յ35% had significantly worse survival than those with EF Ͼ35% (log rank 2 ϭ8.65, PϽ0.01). Similarly, individuals with GLS ՆϪ12% had significantly worse survival than those with GLS ՆϪ12% (log rank 2 ϭ16.67, PϽ0.001). The survival curves for the groups with EF Յ35% and GLS ՆϪ12% almost completely overlaid each other (PϭNS), as did the curves for EF Ͼ35% and GLS ϽϪ12%, indicating comparable prognostic outlooks for these groups (PϭNS) ( Figure 4B ).
Reliability and Feasibility
Intraobserver and interobserver variations for both EF and GLS were good, with the measurement of GLS outperforming that of EF both within and across observers ( Figure 5 ). Interobserver variability intraclass correlation coefficients were 0.803 for EF and 0.916 for GLS (Z score, 2.37; Pϭ0.03); for intraobserver variability, intraclass correlation coefficients were 0.67 for EF and 0.922 for GLS (Z score, 4.11; PϽ0.01). The average time for the calculation of EF was 75.9 seconds for observer 1 and 75.5 seconds for observer 2. For GLS, this was 95.9 and 93.6 seconds for observers 1 and 2, respectively.
Discussion
This study is the first to show the prognostic value of global longitudinal strain and compare it against conventional measures of LV systolic function. The measurement of global LV function is the most common indication for echocardiography, 6 and LV dysfunction is known to be a strong prognostic marker of adverse outcome, 1 most commonly assessed by the calculation of EF by Simpson biplane or wall motion scoring. These methods, however, are heavily dependent on image quality, image orientation, and reader experience. Recent advances in echocardiography and measures of myocardial deformation have enabled clinicians to evaluate LV function using techniques that are not hampered by these limitations. Tissue velocity-derived strain has been assessed for this purpose, but it has technological limitations such as angle dependence, signal noise, and measurement variability. 7 Two-dimensional strain is not angle-dependent and has been shown to correlate well with EF measured both by echocardiography 8, 9 and MRI. 4, 7 Previous investigators have correlated GLS with measures of LV function, both echocardiographic and MRI derived, in populations with normal EF, 8 chronic heart failure, acute ST-elevation myocardial infarction, 9 and previous myocardial infarction. 4 The calculation of GLS has proven to be both reliable and quick across both experienced and inexperienced observers. 8 This study added to previous knowledge by showing the incremental prognostic benefit of GLS over baseline variables and comparing it against conventional measures of LV function.
Incremental Value of GLS
The total population studied was a consecutive clinical group presenting for echocardiography with a wide range of EF. GLS, EF, and WMSI were added to the baseline clinical model, and each provided significant incremental prognostic information, underlining the value of imaging. Of these 3 methods, GLS provided the greatest increase in model power, superior to WMSI, which, in turn, was superior to EF. Although GLS and EF are highly correlated, they measure different aspects of myocardial motion, with EF measuring radial and partly longitudinal function, whereas GLS measures longitudinal function. Simpler measures of longitudinal function, such as mitral annular systolic velocity, have previously been shown to predict mortality, although being shown to be inferior to EF. 10 The development of GLS has advanced the measure- ment of longitudinal function-first because of automation and second because of the ability to measure the longitudinal function of the entire ventricle rather than basal segments alone. It is thought that longitudinal contraction is a particular marker of subendocardial function, which may be disproportionately involved in subclinical disease, including myocardial ischemia. 11
EF <35% and Diagnosis of Heart Failure
The current American College of Cardiology/American Heart Association Guidelines for the Diagnosis and Management of Chronic Heart Failure 12 stipulate that EF be calculated at the initial diagnosis of heart failure (class I recommendation) and used to follow patients serially (class IIa recommendation). The Simpson biplane method is currently recommended by the American Society of Echocardiography for calculation of EF. 5 A cutoff value of LVEF Յ35% is often used clinically to classify severe LV dysfunction, and this value serves clinically as a criterion for the prescription of device therapy. 2 Only 29 (5.3%) patients in our population had EF Յ35%, and these individuals had a significantly worse outcome than those with EF Ͼ35%. Our group has previously derived a formula for the conversion of EF to GLS. 4 Using this formula, a cutoff of GLS ՆϪ12% is equivalent to EF Յ35%, and 78 (14.3%) individuals of our study group had a GLS ՆϪ12%. When a Kaplan-Meier curve for individuals with GLS ՆϪ12% and GLS ϽϪ12% were overlain with that of those with EF Յ35% and EF Ͼ35%, the curves demonstrated similar outcomes for these groups, with no significant differences between the groups with EF Յ35% and GLS ՆϪ12% and EF Ͼ35% and GLS ϽϪ12% ( Figure 4B ). We speculate that GLS ՆϪ12% could be recommended as diagnostic cutoff for severe LV dysfunction, possibly improving access to potentially lifesaving treatments such as implantable defibrillators.
Wall Motion Abnormalities
The calculation of WMSI is based on the subjective assessment of regional wall motion and has been shown to predict mortality after myocardial infarction. 13 For those without wall motion abnormalities, GLS provided incremental prognostic information over baseline variables, whereas EF did not. Both GLS and EF increased model power similarly in those with wall motion abnormalities (Figure 4) . GLS not only measures contraction but is also able to reflect interstitial myocardial changes such as fibrosis, which are often subclinical. 14 This may explain the superior predictive power of GLS over EF in those without wall motion abnormalities. In those with wall motion abnormalities when segments are often hypokinetic, scarred, thinned, or calcified, this additive information may be less powerful, with the endocardial border easier to visualize for the calculation of EF.
Relationship and Reliability of Measures of LV Function
GLS had a superior correlation with EF compared with WMSI in each subgroups analyzed. Interobserver and intraobserver variabilities were lower for the measurement of GLS-derived EF compared with EF, although both were excellent ( Figure 5 ). GLS took, on average, 19 seconds longer to calculate than EF.
Limitations
Despite the strong message from our study about the feasibility and prognostic value of GLS, several limitations must be considered. Despite a large population (nϭ546) only 29 (5.3%) of our patients had an EF Յ35%. This did not permit analysis of predictors of outcome and model power in this subgroup. We measured longitudinal global strain but not radial or circumferential measures. This measure was chosen because longitudinal strain has been well validated against EF in previous studies. It is reproducible and does not significantly add to the time taken to analyze a study. Whether either radial or circumferential strain would perform differently is unknown. Unfortunately, the images analyzed in this study did not have short-axis images of sufficient quality for the measurement of radial or circumferential strain. Finally, all-cause mortality rather than cardiac mortality was examined because the classification of cardiac death is often problematic. 15 
Conclusions
The results of this study prove the incremental prognostic benefits of LV function imaging measures over standard baseline variables in a large, clinical population. Global longitudinal strain measurement by 2DS was superior to EF and WMSI for the prediction of outcome and may become the optimal method for assessment of global LV systolic function. Guidelines incorporating measures of LV function may need to be revised to incorporate global longitudinal strain in light of this finding.
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